Acetaminophen is converted into its more water-soluble metabolites in phase II bioconjugation pathways in intestine and liver cells prior to excretion in vertebrates. [1] [2] [3] [4] The major classes of the conjugative reaction of acetaminophen are its sulfo-and glucurono-conjugations. Most of the acetaminophen administered undergoes sulfation and glucuronidation at normal dose levels to human and animals. [1] [2] [3] [4] If these conjugative routes become saturated, acetaminophen is oxidized by the cytochrome P-450 mixed function oxidase system to form N-acetyl-p-benzoquinone imine. This metabolite is highly reactive as an electrophile and as an oxidant and can cause hepatic necrosis. 5, 6) Flavonoids, which are widespread in fruits and vegetables, are inevitably ingested by humans through their diet. 7, 8) Flavonoids are polyphenols which are primarily metabolized by sulfo-and glucurono-conjugation pathways in the body.
Acetaminophen is converted into its more water-soluble metabolites in phase II bioconjugation pathways in intestine and liver cells prior to excretion in vertebrates. [1] [2] [3] [4] The major classes of the conjugative reaction of acetaminophen are its sulfo-and glucurono-conjugations. Most of the acetaminophen administered undergoes sulfation and glucuronidation at normal dose levels to human and animals. [1] [2] [3] [4] If these conjugative routes become saturated, acetaminophen is oxidized by the cytochrome P-450 mixed function oxidase system to form N-acetyl-p-benzoquinone imine. This metabolite is highly reactive as an electrophile and as an oxidant and can cause hepatic necrosis. 5, 6) Flavonoids, which are widespread in fruits and vegetables, are inevitably ingested by humans through their diet. 7, 8) Flavonoids are polyphenols which are primarily metabolized by sulfo-and glucurono-conjugation pathways in the body. [9] [10] [11] Therefore, flavonoids may affect the biotransformation of acetaminophen in the intestine and liver cells. There have been a few reports 12, 13) showing that certain flavonoids non-competitively inhibit p-form phenolsulfotransferase. Eaton et al. 13) reported that quercetin inhibited acetaminophen sulfation in hepatoma cell line Hep G2. However, there have been no reports of systematic work on the structure-sulfation inhibitory activity relationships among flavonoids. Furthermore, the effects of flavonoids on the glucurono-conjugation of phenolic compounds, including acetaminophen, have remained unknown.
In the present studies, the inhibitory effects of various flavonoids on the sulfo-and glucurono-conjugation of acetaminophen were investigated using rat cultured hepatocytes and liver subcellular preparations. Certain flavonoids effectively inhibited glucurono-as well as sulfo-conjugation of acetaminophen in cultured hepatocytes. The structural features of flavonoids necessary for exerting inhibitory effects on the two types of conjugation in intact cells were elucidated by comparing the inhibitory capability of a series of flavonoids which differed in the number and configuration of hydroxyl substitutions. In addition, in cell-free enzymatic preparations, flavonoids markedly inhibited the sulfo-conjugation, but only slightly inhibited the glucurono-conjugation of acetaminophen. Glucurono-and Sulfo-Conjugation by Cultured Hepatocytes Hepatocytes were isolated by the collagenase perfusion method from male Wistar rats weighing 180-220 g provided with standard rat chow and water ad libitum. 14) These cells were resuspended in Eagle's MEM containing dexamethasone (1 mM), insulin (0.1 mM), tri-iodothyronine (1 mg/ml), d-aminolevulinic acid hydrochloride (0.2 mM) and 10% fetal calf serum. The cells were seeded in 35-mm plastic culture dishes at a density of 1ϫ10 6 cells/dish, and placed in an incubator in an atmosphere of 5% CO 2 95% air at 37°C. The monolayers of hepatocytes (approximately 1.2 mg of cell protein) were cultured for 24 h in Eagle's MEM containing dexamethasone, insulin, tri-iodothyronine, daminolevulinic acid hydrochloride and 10% calf serum. Flavonoids and acetaminophen were dissolved in dimethyl sulfoxide and added to the cultures at definite concentrations with the final concentration of dimethyl sulfoxide of 1%. Acetaminophen in a stock solution at 500 mM was added to the cultures at a final concentration of 2 mM at 10 min after the addition of flavonoids. After incubation for 4 h at 37°C, 0.2 ml of the medium from each culture was mixed with 0.2 ml of 0.5 M perchloric acid.
MATERIALS AND METHODS

Materials
Glucurono-and Sulfo-Conjugation by Liver Preparations Liver microsomes and cytosol were prepared in 0.25 M sucrose from male Wistar rats weighing 180-220 g provided with standard rat chow and water ad libitum, as described by De Duve et al. 15) The reaction mixtures for sulfoconjugation consisted of 2 mM acetaminophen, 50 mM Tris-HCl buffer pH 7.4, 5 mM MgCl 2 , 10 mM dithiothreitol, 600 mM PAPS, and 500 mg of cytosolic protein in a final volume of 0.5 ml. The reaction mixtures for glucurono-conjugation consisted of 2 mM acetaminophen, 50 mM Tris-HCl buffer pH 7.4, 5 mM MgCl 2 , 0.02% Brij, 3 mM UDPGA, and 500 mg of microsomal protein in a final volume of 0.5 ml. We used the concentrations of cofactors at which maximum enzyme activities were obtained. Incubations for the reaction were carried out at 37°C with shaking for 60 min, since sulfo-and glucurono-conjugates of acetaminophen were formed linearly during 60 min of incubation. The reaction was stopped by adding 0.5 ml of 0.5 M perchloric acid. Protein was determined by the method of Lowry et al. HPLC Analysis A 0.1 ml aliquot of each perchloric acid-treated sample was neutralized with 25 ml of 1 M NaOH solution and 25 ml of 0.5 M Tris-HCl buffer, pH 7.4, and the total volume was adjusted to 0.5 ml with HPLC elution solvent. Separation of acetaminophen metabolites was carried out according to the method of Howie et al. 1) with some modifications. A 10 ml aliquot of sample was injected onto a 3.5 mm Symmetry C-18 semi-micro column (2.1 I.D.ϫ150 mm) adjusted to 40°C, and the metabolites were separated by solution with a mixture of methanol (10%), ethylacetate (0.1%) and 20 mM acetate buffer, pH 4.5 solution (89.9%) using a Waters Alliance HPLC System equipped with a 2690 Separation Module and a 2487 dual l UV/VIS absorbance detector (Waters Co., Milford, MA. U.S.A.). The flow rate of the mobile phase was 0.2 ml/min, and elution of acetaminophen and its conjugates was detected by UV absorption at 254 nm. Acetaminophen sulfate and glucuronide were eluted at 9.7 and 4.7 min, respectively. Unconjugated acetaminophen was eluted at 13.5 min. The quantitation of acetaminophen and its conjugates was based upon integration of the absorbance peak areas. Sulfo-and glucurono-conjugates of acetaminophen were calculated using an acetaminophen standard curve because the molar extinction coefficient of the conjugates is the same as that for acetaminophen.
1) The IC 50 value was determined by calculating the inhibitory concentration at which a 50% decrease in conjugative products was obtained by interpolation on a straight line, drawn from flavonoid concentrations of 20 to 100 mM.
RESULTS AND DISCUSSION
HPLC analysis of acetaminophen conjugates produced by cultured hepatocytes showed two major peaks, as reported by Moldeus. 2) They were eluted with the same retention times in HPLC as the respective in vitro-produced acetaminophen sulfate and glucuronide. Assignment of the peak identity as sulfate and glucuronide conjugates was additionally supported by the decrease of their peaks by enzymatic hydrolysis of cell-produced metabolites with sulfatase and b-glucuronidase, respectively (data not shown). The effect of flavonoids on acetaminophen conjugation in cultured hepatocytes was measured after a 4-h incubation period. The rates of production of sulfate and glucuronide conjugates were 22.4 and 38.2 nmol/4 h/mg cell protein, respectively, which were comparable to the rates described previously.
2) Table 2 summarizes the effects of flavonoids (Fig. 1, Table 1 ) on the production of acetaminophen conjugates in the cells. The inhibitory activity of effective flavonoids was expressed as the flavonoid concentration at which 50% inhibition was achieved (IC 50 ). The inhibitory activity of ineffective flavonoids was expressed as the percent inhibition at a flavonoid concentration of 100 mM, since they gave no further inhibition at higher concentrations. Flavonoids inhibited the production of both sulfate and glucuronide conjugates in cultured hepatocytes, and the extent of inhibition of the former was greater than that of the latter. The IC 50 value obtained for the inhibition of acetaminophen sulfation by quercetin was 13) There was a large variation among flavonoids of the ability to inhibit the conjugation. Among the flavonols, quercetin, kaempferol and galangin were several times more effective than myricetin and morin. Isorhamnetin, the 3Ј-omethylated form of quercetin, had greater inhibiting potency than quercetin.
Flavones which lack hydroxyl substitution at the C3 position of the C-ring, such as luteolin, apigenin and chrysin, were as effective as their corresponding flavonols. Of the flavonoids tested, diosmetin, the 4Ј-o-methylated form of luteolin, was the most potent compound, with IC 50 values of 14.9 and 17.7 mM for sulfation and glucuronidation, respectively. Diosmetin was more effective than 2,6-dichloro-4-nitrophenol, a classical p-form phenolsulfotransferase inhibitor. 17) Other simple flavones, including 3-, 5-, 7-and 3Ј,4Ј-OH flavones, were relatively weak inhibitors. Catechins such as epicatechin and epigallocatechin were the least effective group of flavonoids.
The inhibitory effects of flavonoids on acetaminophen sulfo-and glucurono-conjugation in isolated subcellular preparations were also examined ( Table 3 ). The sulfate and glucuronide conjugates were produced by treating acetaminophen with cytosol plus PAPS or with microsomes plus UDPGA, respectively. HPLC analysis showed only one metabolite after each conjugative reaction. The rates of production of sulfate and glucuronide conjugates were 50.4 nmol/h/mg cytosolic protein and 23.2 nmol/h/mg microsomal protein, respectively. Some flavonols and flavones markedly inhibited sulfo-conjugation in cytosolic preparations in parallel with the rank of inhibitory potency in intact cells. Two catechins had little inhibitory activity on the cytosolic sulfate conjugation reaction. 2,6-dichloro-4-nitrophenol had an IC 50 value of one order of magnitude lower than that of diosmetin in the cell-free sulfate conjugation, although the former is less potent than the latter in intact cells. On the other hand, none of the flavonoids effectively inhibited the glucurono-conjugation in microsomal preparations, even at high concentrations.
We have presented a comparative study on the inhibitory effect of flavonoids on acetaminophen sulfo-and glucuronoconjugation in both cultured hepatocytes and liver subcellular preparations. Several flavonols and flavones had a remarkable ability to inhibit both types of conjugation in cultured hepatocytes. Flavones (e.g., luteolin, apigenin and chrysin), in which the C3 hydroxyl on the C-ring is unsubstituted, had almost equal potency to their corresponding flavonols. Other simple flavones (e.g., 3-, 5-, 7-and 3Ј,4Ј-OH flavones), which lack either the C5 or C7 hydroxyl or both on the Aring, had little inhibitory activity. Flavonoids (e.g., galangin and chrysin), in which the hydroxyl is absent on the B-ring, retained the inhibitory ability. Catechins, the only type of flavonoid having neither a C2-3 double bond nor a carboxyl group at the C4 position on the C-ring, had no such inhibitory activity, despite having a number of hydroxyl substitutions in their structures. These results suggest that at least two key determinants in the chemical structures of flavonoids are necessary for exerting the inhibitory effects on the conjugation: i) C5 and C7 hydroxyl substitutions on the A-ring; and ii) the C2-3 double bond in conjunction with the C4 carbonyl group on the C-ring. Thus, chrysin possesses the minimal structural features required for the effective inhibitory 716 Vol. 27, No. 5 
